The study investigated 15 
Introduction
In estuarine benthic food webs, isotopic composition of primary producers and benthic consumers may reflect the nature of nutrients and organic matter inputs delivered into estuaries through the river inflow. In intertidal areas, previous stable isotope studies have been perfomed to determine the primary producers that contribute mostly to carbon and nitrogen flows in benthic food webs (Curin et al., 1995; Deegan & Garritt, 1997) . Stable isotope ratios ( 13 C and 15 N) represent a well suited approach to follow the transfers of different organic matter sources within the particulate organic matter pool (POM) due to trophic interactions (Fry & Sherr, 1984; Deegan et al., 1990; Rau et al., 1992) . Particularly, 15 N has been used successfully to investigate the trophic structure within aquatic ecosystems due to higher trophic fractionation in nitrogen compared to carbon (Minagawa & Wada, 1984; Wada et al., 1987; Fry, 1988) . 15 N differences have been observed in the suspended POM and in the dissolved inorganic nitrogen pool (DIN) from terrestrial, estuarine and marine origins. For example, along the Sheepscot Estuary, 15 N values varied from primarily terrigenous organic matter at the head to primarily marine sources at the mouth of the estuary (Mayer et al., 1988) . Also, mean 15 N of 1·9‰ for POM at the terrestrial end-member and 5·9‰ for estuarine POM were reported in the Tay Estuary (Thornton & McManus, 1994) . In the Scheldt Estuary, Mariotti et al. (1984) observed a gradient in 15 N values, from 1·5‰ for suspended particulate matter of predominantly continental origin to 8·0‰ in the North Sea, but reported 15 N up to 24‰ during spring. Similarly, along the Delaware Estuary, Cifuentes et al. (1988) observed high 15 N values in the suspended particulate matter during spring, with a maximum of 18‰, while lower 15 N were reported throughout the sampling year.
More specifically, Hobbie et al. (1990) These results suggest that in estuaries, nutrient river inputs and/or estuarine biochemical processes associated with organic matter can lead to important variation in 15 N of the POM pool and primary producers. In various coastal ecosystems, the magnitude and the quality of nitrogen inputs may be reflected differently in 15 N of benthic primary producers and consumers through nutrient assimilation and trophic interactions.
This study examines how the Scheldt River inflow which drains a highly urbanized drainage basin may influence the nitrogen isotope composition in the estuarine food web. Particularly, a between-site comparison of 15 N values has been performed in intertidal primary producers and invertebrates within the Scheldt Estuary system.
Materials and methods

Study area
The Westerschelde Estuary is a turbid and eutrophic tidal estuary which is characterized by high heterotrophic activity. Freshwater flows into the estuary from the Schelde River which drains one of the highest density of population and industries in Europe (Frankignoulle et al., 1996) . The Oosterschelde Estuary was modified during the period 1979-1986, when a storm-surge barrier was build in the sea-ward entrance of the Oosterschelde Estuary, and the Oosterschelde Estuary was isolated from the river input due to the construction of two large auxiliary compartment dams in the rear end of the system to separate the saline sea-arms from the eastern freshwater inputs from the Scheldt, Rhine and Meuse Rivers (Nienhuis & Smaal, 1994) . Consequently, the Oosterschelde changed from a turbid estuary into a tidal bay. This situation allows the study of variations in intertidal food webs between the Oosterschelde ecosystem (after the construction of the storm-surge barrier and the auxiliary dams) and the Westerschelde Estuary which is still subject to the Scheldt River inflow and completely influenced by the tidal influence of the North Sea (de Jong et al., 1994) .
The study considers two intertidal areas, one is subject to the Scheldt River inputs, the other is located at about the same distance from the North Sea (]45 km) but without influence from the Scheldt River. Sampling locations ( Figure 1 ) were located in intertidal areas in the mid Oosterschelde Estuary (Yerseke) and in the mid Westerschelde Estuary (Biezelingse Han). Each sampling area consisted of the intertidal flat including muddy sediments and the artificial rocky shores bordering the flat.
Samples of suspended POM, SOM, organic matter sources and benthic invertebrates
Sampling was carried out from 19 January 1998 to 14 February 1998. At each sampling area, POM, SOM (Sedimented Organic Matter) and the main benthic primary producers and invertebrates were collected. POM was sampled by collecting 2-l bottles of water on the flats at high tide ( 1 h) from depth of about 50 cm below the water surface. POM for isotope analyses was obtained after filtration, within 2 h after collection, on pre-combusted Whatman GF/F glass fibre filters. The membranes were then acidified (1 M HCl) to remove carbonates, quickly rinsed with Milli-Q water, freeze-dried and kept frozen ( 20 C) until analysis. Sediment samples were taken at low tide by scraping the upper 1 cm of mud, for a total surface of approximately 1 m 2 . At the laboratory, sediment was freeze-dried and ground using a mortar. Freeze-dried sediment samples were analysed for organic carbon and nitrogen contents using a CarloErba CN analyser following an in situ acidification procedure (Nieuwenhuize et al., 1994) .
Benthic diatoms were collected by scrapping the surface of the sediment at low tide. The method used to extract benthic diatoms was slightly modified from Couch (1989) . The sediment was spread on flat trays to form a 1 cm thick layer. A nylon screen (63 m mesh) was laid upon the sediment surface and covered with a 5 mm thick layer of combusted silica powder (60-210 m). The trays were held under light and maintained for a minimum of 1 to 3 h after the first dense brown mats appeared at the surface (from about 0·5 to 2 h), the silica powder being kept moist by spraying filtered (0·2 m) seawater from the sampling site. The top 2 mm of the silica powder, into which the motile microalgae had migrated, were then gently scraped, and sieved on a 63 m mesh to separate the diatoms from (1) the remaining silica powder and (2) any present nematodes or copepods. Benthic diatoms were then collected on previously combusted glass fibre filters, washed with 1M HCl, briefly rinsed with Milli-Q water, freeze-dried and kept frozen until analysis ( 20 C). Macroalgae were dominated by F. vesiculosus which were present on rocky substrates at the base of the dikes. Fucus vesiculosus and Enteromorpha sp. were collected manually, cleaned of their epibionts, washed with 1 M HCl to remove carbonates, rinsed with Milli-Q water. They were then freeze-dried ( 20 C), ground to a powder using a mortar and pestle.
The cockle Cerastoderma edule, the polychaete Nereis sp., the burrowing amphipod Corophium volutator and the green crab Carcinus maenas were taken from surficial sediment samples at low tides on the tidal flats. Oligochaetes, Enchytraeidae Lumbricillus sp. and Tubificidae Tubificoides sp., as identified to genus level from Brinkhurst (1982) , were common at Biezelingse Han and at Yerseke, respectively. Oligochaetes were collected at low tide and extracted from sediment samples using fine tweezers. Specimens of the Japanese oyster Crassostrea gigas, the blue mussel Mytilus edulis and the gastropods Crepidula fornicata, Littorina littorea and Littorina saxatilis were taken by hand on rocky substrates at low tide. The amphipods Gammaridae Gammarus locusta and Eulimnogammarus obtusatus were collected on macroalgae F. vesiculosus attached to rocky substrates at Yerseke and at Biezelingse Han, respectively. All individuals were cleaned of epibionts and kept alive overnight at the laboratory in filtered water from the sampling site to allow evacuation of gut contents. All specimens were then killed by freezing. After dissection from the shell for molluscs, and from the cuticule for crustaceans, the flesh was treated with 10% HCl to remove any carbonate debris from the shell or from the cuticule and rinsed with distilled water. Nereis sp. and oligochaetes were treated in a same way as mollusc and amphipod tissues. All individuals were then freezedried and ground to a powder using mortar and pestle. As individual oligochaetes and amphipods collected were too small composite samples (4-5 individuals) were combined to obtain sufficient tissue for accurate 15 N analyses.
Stable isotope analysis
Carbon and nitrogen isotope ratios were determined using a Fisons CN analyser coupled on line, via a Finnigan con-flo 2 interface, with a Finnigan Delta S mass-spectrometer. Data are expressed in the standard unit notation where: (Riera, 1998) .
15 N for Fucus vesiculosus (6·3 0·2‰, N=2) were similar to 15 N values reported for F. vesiculosus in Marennes-Oléron Bay (Riera, 1998) . Benthic diatoms had 15 N values (9·1 0·2‰, N=2) slightly heavier than 15 N reported previously for benthic microalgae inhabiting intertidal muddy sediments (Couch, 1989; Currin et al., 1995) .
In the Westerschelde Estuary (Biezelingse Han), suspended POM 15 N (8·1 0·1‰, N=2) and SOM (8·6 0·2‰, N=8) were within ranges of values found by Middelburg and Nieuwenhuize (1998) in the mid-Westerschelde Estuary (i.e. from 8 to 13·5‰ and from 8 to 11‰ for sedimented and suspended organic particles, respectively). These 15 N were however slightly higher than POM 15 N measured in the Charente Estuary, France, (i.e. from 6·1 to 7·5‰) by Riera (1998). SOM 15 N values (from 8·2 to 9·0‰) were also heavier than 15 N reported in coastal surficial muddy sediments (Owens & Law, 1989 ). In addition, at both sampling sites, 15 N for POM and SOM were depleted in 15 N compared with the benthic primary producers which contribute to the detrital organic matter pool consistent with the suggestion of McClelland and Valiela (1998a) (Riera, 1998) and from the 15 N of 8·1‰ reported by Mayer et al. (1988) .
15 N values for benthic diatoms (17·7 1·4‰, N=4) were also remarkably heavier than 15 N reported for benthic diatoms (from 4·1 to 6·9‰) inhabiting intertidal mudflats near the mouth of the Charente Estuary (Riera, 1998) and for benthic diatoms (3·9‰) from the salt marshes of the south-east coast of the United States (Couch, 1989) . (Deegan & Garrit, 1997) . Also, in the Charente Estuary, France, mean 15 N for benthic invertebrates ranged from 7·7‰ for Hydrobia ulvae to 13·7‰ for Nereis sp. (Riera, 1998) .
N of intertidal invertebrates
Discussion
N-rich estuarine primary producers: effect of river inflow
In the Westerschelde Estuary, heavy 15 N values were measured for suspended POM, SOM, and the main primary producers (Figure 2) Nitrogen isotopic fractionation may lead to 15 N differences between producers from different coastal areas which differ in nitrogen loads because as the DIN pool (dissolved inorganic nitrogen) is not limited a preferential utilization of 14 N compared to 15 N by primary producers can occur (Cifuentes et al., 1988; Pennock et al., 1996) . From this hypothesis however 15 N of benthic algae in the Westershelde should be much lower than the 15 N values measured in this study. In fact, in the Westershelde the DIN (NO 3 +NH 4 ) concentration at the sampling site (Biezelingse Han) was observed at about 150 m due to strong nitrogen inputs from the Scheldt River where DIN is more concentrated than in the marine entrance into the estuary (Middelburg & Nieuwenhuize, 1998) . In contrast, in the Oosterschelde the nutrient concentration has decreased significantly since 1986, after the suppression of the riverine nitrogen input, to reach DIN maximum concentration in the water column at about 2 mg l 1 (de Jong et al., 1994) . From these data, benthic primary producers should be more 15 N-depleted in the DIN-rich Westershelde Estuary as compared to the Oosterschelde which is in contrast with 15 N values observed in this study (Figure 2) . Heavy 15 N values for in situ primary producers in the Westerschelde Estuary may also be due to an assimilation of 15 N-rich DIN from estuarine and/or external origin. Mariotti et al. (1984) reported that the enrichment in 15 N in the suspended particulate matter pool of the Schelde resulted from a dominant contribution of 15 N-enriched phytoplankton in the POM pool during a spring algal bloom. More precisely, high 15 N values in estuarine phytoplankton could be explained by a utilization of 15 N-enriched residual amonium, as a result of nitrification (Mariotti et al., 1984) or previous autotrophic fractionation during nitrogen assimilation (Cifuentes et al., 1988) . This interpretation was consistent with data reported by Middelburg and Nieuwenhuize (1998) to explain high 15 N observed for suspended POM in the Westerschelde Estuary during a maximum in gross primary production. This hypothesis implies the use of recycled heavier nitrogen by primary producers, and then, this effect should be also reduced by the use of nonrecycled nitrogen entering the estuary, as reported by McClelland and Valliela (1998b McClelland and Valliela (1998b) reported 15 N differences among primary producers, from different estuaries of the Waquoit Bay, which were correlated with differences in nitrogen inputs from wastewater. Particularly, these authors observed an increase in 15 N values of the DIN pool (nitrate+ammonium) from 0·5‰ to 9·5‰ as a result of an increasing contribution of anthropogenic nitrogen wastewater in the DIN pool received by estuaries of the Waquoit Bay. The nitrate derived from septic systems became 15 N-enriched due to volatilization of ammonia and denitrification processes (McClelland & Valliela, 1998b) . In addition, previous results reported that isotopic fractionation during nitrification and denitrification processes in a treatment plant lead to an enrichment in 15 N in the discharges (Owens, 1987; Hobbie et al., 1990) . From these authors, as 15 N-enriched nitrate of wastewater origin is delivered into an estuary it tends to increase 15 N in the estuarine DIN pool and, then, in benthic primary producers. This interpretation was confirmed by previous observations in F. vesiculosus from the Askö area to the inner part of Himmerfjärden in the northen Baltic Sea (Hobbie et al., 1990) . In the present study, an utilization of 15 N-enriched DIN by F. vesiculosus and benthic diatoms as a result of anthropogenic wastewater nitrogen inputs in the Schelde River can explain heavy 15 N observed for these benthic algae inhabiting in the middle Westerschelde Estuary. Conversely, in the Oosterschelde, the suppression of anthropogenic nitrogen loads carried by the Scheldt River after the Oosterschelde Estuary was isolated from freshwater inputs (Nienhuis & Smaal, 1994) may have resulted in a depletion of 15 N in F. vesiculosus and benthic microalgae due to incorporation of more 15 N -depleted DIN. In the present study, no seasonal 15 N variation have been measured in primary producers. In fact, a high increase in 15 N have been observed in estuarine suspended organic matter pool during a spring phytoplankton bloom (Cifuentes et al., 1988) . From seasonal 15 N reported in Marennes-Oléron Bay, France, however, 15 N in intertidal benthic diatoms showed variations which did not exceed 2‰ from summer 1992 to spring 1993 and 15 N in Fucus sp. varied only from 9·2 to 8‰ during the same period . In addition, in Marennes-Oléron Bay seasonal variation in microphytobenthos biomass showed a strong decrease in summer as compared with spring and winter periods (Cariou-LeGall & Blanchard, 1995) which suggest that microphytobenthos can represent a primary food source even during the winter period.
Utilization of 15 N-rich primary producers by estuarine benthic invertebrates
Similarly to benthic primary producers, high 15 N differences (up to 9·5‰ for C. gigas) were measured in benthic invertebrates inhabiting the Westerschelde Estuary (Biezelingse Han) as compared with the Oosterschelde (Yerseke) (Figure 3) . The 15 N values for invertebrates in the Westerschelde Estuary cannot be due to the utilization of terrestrial organic matter carried by the river inflow. In fact, 15 N for leaves of the most common terrestrial plants in the meadows and forests of drainage basins in temperate areas are too low to explain the enrichment in 15 N in invertebrates considered (Figure 2) Sweeney et al. (1978) for terrestrial organic matter. Similarly, a mean 15 N of 4‰ was given by Fogel and Cifuentes (1993) , consistent with 15 N of terrestrial gramineae observed in the present study (i.e. from 1·5 to 3·4‰). 15 N for intertidal invertebrates from the midWesterschelde Estuary suggest an utilization of 15 Nrich benthic algae locally produced (i.e. benthic diatoms and/or F. vesiculosus). Comparatively, in the northern Baltic Sea, Hansson et al. (1997) observed that a discharge from a sewage treatment plant increased 15 N values at different pelagic trophic levels including phytoplankton, mysid shrimps and piscivorous fishes. The results of the present study showed an incorporation of estuarine 15 N-rich nitrogen inputs carried by the Scheldt River into benthic algae and invertebrates communities inhabiting intertidal areas. Particularly, the between-site comparison in 15 N for intertidal primary producers and invertebrates suggest that increased anthropogenic nitrogen inputs carried by a polluted river can result in increasing 15 N values in estuarine food webs. In fact, the enrichment in 15 N in benthic food web in the Westerschelde Estuary can be related to densely urbanized areas which are drain by the Scheldt River (Frankignoulle et al., 1996) because wastewater nitrogen inputs into estuaries through watersheds tend to increase with urbanization (McClelland & Valliela, 1998a, b) .
As a conclusion, these results have pointed out strong differences in 15 N of benthic algae (i.e. benthic diatoms and F. vesiculosus) and benthic invertebrates inhabiting tidal areas between the mid Westerschelde Estuary and the mid-Oosterschelde. Higher 15 N values in primary producers and benthic invertebrates were observed in the intertidal area which received stronger nitrogen inputs carried by a river which drain highly urbanized areas. Also, the comparison between the Westerschelde Estuary and the Oosterschelde suggest that 15 N in local primary producers and invertebrates may provide an estimation of the magnitude of the influence of anthropogenic nitrogen inputs in coastal water.
